In veterinary medicine, Staphylococcus aureus is associated with a range of mild to severe infections. The high density of livestock in intensive farming systems increases the risk of disease spread and hampers its control and measures of prevention, making S. aureus one of the most important animal pathogens. Multiple-locus variable-number tandem repeat fingerprinting (MLVF) has been successfully applied to the characterization of livestock-associated meticillin-resistant Staphylococcus aureus (MRSA) ST398 but not to the characterization of a wide range of other animal isolates. The objective of the current study was to examine the effectiveness of MLVF for studying S. aureus strains isolated from households, farms and exotic animals in three regions of Poland. MLVF, random amplification of polymorphic DNA (RAPD), spa typing and diagnostic microarrays were compared to determine the most suitable combination of methods for veterinary purposes. MLVF generated results consistent with host and geographic origins, reflecting population structures with a high concordance to spa typing results. MLVF has been proven to be a rapid, highly discriminatory and cost-effective method suitable for molecular typing in veterinary settings.
INTRODUCTION
Both humans and animals can be asymptomatic carriers of Staphylococcus aureus. This opportunistic pathogen, under certain conditions, has the potential to cause lesions in all tissues and anatomical sites, with local, disseminated or systemic spread (Fitzgerald, 2012) . Owing to the healthcare concerns and economic burden of staphylococcal infections, several molecular techniques used for typing, surveillance and diagnosis of S. aureus bacteria have been developed. Molecular typing is an indispensible tool in microbiology, allowing examination of the similarity of isolates at the genomic level. Typing techniques should have a high discriminatory power to distinguish and type various isolates. They should also be rapid, inexpensive, highly reproducible and easy to perform in regional diagnostic veterinary laboratories. Moreover, the results should be easy to interpret. variable-number tandem repeat (VNTR) fingerprinting (MLVF) are the most suitable methods for outbreak investigations (Cuteri et al., 2002; Glasner et al., 2013; Ichiyama et al., 1991) . Furthermore, spa typing allows characterization of S. aureus strains that can then be easily compared between laboratories (Grundmann et al., 2010 (Grundmann et al., , 2014 . Recently, DNA hybridization has been used for routine microbiological analysis with StaphyType microarrays (Alere Technologies) to cover over 330 target sequences including resistance and virulence markers (Monecke et al., 2008) .
Among PCR-based methods, MLVF is characterized by a high discriminatory power and cost-effectiveness. It was designed in 2003 and is based on the analysis of genomic regions called VNTR loci (Sabat et al., 2003) . Initially, the method was named multilocus VNTR analysis (MLVA), as it determined the number of tandem repeat sequences at seven loci within the S. aureus genome. Later, the name was changed to MLVF because the resulting electrophoretic banding patterns cannot be compared between different laboratories (Sabat et al., 2006) . The results can be obtained within hours, since no additional handling, such as enzyme digestion or sequencing, is required. In terms of cost, MLVF is also advantageous in that advanced and expensive equipment is not required. MLVF has been compared with other typing methods and has been used for the molecular analysis of staphylococcal infections in humans, specifically in healthcare settings (Karynski et al., 2008; Sabat et al., 2013) . It has also been successfully used to characterize collections of European livestock-associated meticillin-resistant S. aureus (MRSA) isolates with the sequence type 398 (ST398) (Glasner et al., 2013) . Recently, MLVF has been used for the comparison of S. aureus isolates from bovine mastitis (Zastempowska et al., 2014) . Thus, the primary aim of the current study was to examine the usefulness of MLVF in studying animal-associated isolates from lines other than ST398, in particular those originating from households, farms or exotic animals, with relevance to future applications in routine veterinary settings. The reliability and consistency of the results were compared between MLVF, random amplification of polymorphic DNA (RAPD), spa typing and StaphyType diagnostic microarrays to determine the combination of methods most suitable for surveillance and epidemic investigations of animal S. aureus strains.
METHODS
Bacterial isolates. The 48 S. aureus isolates analysed in the current study were selected at random from a set of isolates collected by microbiologists during routine veterinary visits in three regions of Poland (central, western and southern Poland) from 2007 to 2008. The isolates originated from deep tissue infections, deep skin lesions or the internal organs of household, farm or exotic animals as summarized in Table 1 . Additionally, two reference strains of human origin (ATCC 25293 and Newman) and one strain (ch18) isolated from a chicken in Japan in 1967 were included as controls unrelated to the isolates analysed. The rationale for the collection was to include virulent isolates from three different hosts from different environments that had possible contact with humans: (1) household animals (cats and dogs), (2) farm animals (cows, pigs, horses and poultry) and (3) exotic animals from the Wroclaw zoo (donkeys, chimpanzees, rabbits and tapirs). Species identification was performed phenotypically using API ID 32 Staph (bio-M erieux) and further confirmed by PCR-RFLP of the gap gene as described elsewhere (Yugueros et al., 2001) .
Antibiotic susceptibility testing. Susceptibility testing was carried out using the disc diffusion method according to EUCAST recommendations (Leclercq et al., 2013) . The antibiotics tested were as follows: cefoxitin (30 µg), gentamicin (10 µg), doxycycline (30 µg), erythromycin (15 µg), clindamycin (2 µg), chloramphenicol (30 µg), ciprofloxacin (5 µg) and cotrimoxazole (30 µg). Nitrocefin (10 µg) was used for the detection of beta-lactamase.
Spa typing. Spa typing, based on amplification of the variable X region of the spa gene, was performed as described previously (Aires-de-Sousa et al., 2006) . The spa types were assigned using Ridom StaphType software version 1.4 and the Ridom SpaServer (http://www.spaserver. ridom.de). The Based Upon Repeat Pattern (BURP) algorithm was used to calculate spa clonal complexes (spa-CCs) using the following parameters: no exclusion regarding number of repeats; a cost less than or equal to three; and a cluster composed of two or more related spa types [regarded as a clonal complex (CC)] or a spa type that was not grouped into a CC (considered a singleton).
DNA microarray typing. The StaphyType system (Alere Technologies) provides a DNA microarray assay for diagnostic testing or epidemiological investigations. The StaphyType system allows simultaneous detection of 334 S. aureus target sequences, including approximately 170 distinct genes and their allelic variants. The DNA microarray procedures were performed according to the manufacturer's recommendations. Assignment of strains to CCs, sequence types (STs), SCCmec types or to epidemic lineages was performed automatically by StaphyType software based on the presence or absence of predefined genetic markers (Monecke et al., 2008) . To visualize isolate relatedness, an unrooted phylogenetic network was reconstructed on the basis of the hybridization profiles obtained. The results for each gene were converted into a code (A=positive, T=negative, C=ambiguous) and used for the reconstruction of a network using SplitsTree 4.11.3 software (www.splitstree.org) on the default settings (Huson & Bryant, 2006) . RAPD typing. RAPD typing was performed as described previously (Tambic et al., 1997) . The primers EP007 (5¢-AGCACGCTGTCAATCA TGTA-3¢) and KAY1 (5¢-AGCAGCCTGC-3¢) are short, have no specific genomic target and have a low annealing temperature that allows amplification of multiple mismatched sequences in the 0.1-3 kb range. Consequently, the bacterial isolates analysed can be distinguished by the unique electrophoretic patterns of the PCR products obtained (Tambic et al., 1997) .
MLVF typing. The MLVF typing method was performed as described previously (Sabat et al., 2003 (Sabat et al., , 2006 . Briefly, the MLVF approach is based on simultaneous PCR amplification and subsequent analysis of the VNTR regions of genes coding for serine protease V8 (sspA), protein A (spa), Ser-Asp-rich fibrinogen-binding proteins (sdrC/D/E), clumping factor A (clfA), clumping factor B (clfB), fibronectin-binding proteins (fnbA/B) and collagen adhesin A (cna). It is known that S. aureus strains possess five genes (sspA, spa, sdrC, clfA and clfB), and the presence or absence of sdrD and sdrE allows for further discrimination between strains.
Typing analysis. PCR products for MLVF or RAPD typing were separated using 2 % agarose gels. The electrophoretic fingerprints/patterns were analysed using GelCompar II software (Applied Maths). Pairwise similarity coefficient values were calculated using the Dice formula, and dendrograms were created using the unweighted pair-group method and geometric averages (UPGMA) with the following parameters:
. MLVF: optimization 0.5%, position tolerance 0.2%, cut-off similarity value 85%
. RAPD: optimization 0.5 %, position tolerance 0.3 %, cut-off similarity value 90 % Ridom EpiCompare software version 1.0 (http://www3.ridom.de/epicompare/) was used to calculate the discriminatory power and concordance of the methods tested. The discriminatory power was estimated by Simpson's index of diversity, a parameter that reflects the probability that two unrelated and different isolates selected at random from the populations tested belong to different types or subtypes by the typing method (Hunter & Gaston, 1988) . Non-overlapping 95 % confidence intervals represent significant differences in discriminatory power (Grundmann et al., 2001) . The concordance between typing methods was assessed using the adjusted Rand's coefficient (AR), reflecting the global agreement between the methods compared (Carriço et al., 2006) .
RESULTS

Antibiotic susceptibility
Based on cefoxitin susceptibility testing, 10 MRSA and 38 meticillin-sensitive S. aureus (MSSA) strains were distinguished within the set of isolates collected between 2007 and 2008. Microarray results of isolates resistant to cefoxitin showed that all but one (do9) harboured the mecA gene, which defines MRSA and mediates resistance to meticillin, oxacillin and almost all beta-lactam antibiotics.
Resistance was found most frequently to penicillin (n=27), erythromycin (n=9), clindamycin (n=7) and ciprofloxacin (n=7). The majority of isolates exhibiting resistance to penicillin were positive for blaZ, blaI and blaR genes (n=22), encoding a beta-lactamase gene, a beta-lactamase repressor (inhibitor) and a beta-lactamase regulatory protein, respectively. Six of nine isolates resistant to erythromycin were also positive for erm(A), and one isolate was positive for erm(B), both genes encoding rRNA methyltransferases associated with macrolide/lincosamide resistance. Two other phenotypically resistant isolates (co6 and do9) and all isolates with intermediate resistance to erythromycin lacked erm(A/B/C) genes. With the exception of do9, isolates resistant to clindamycin (n=7) or ciprofloxacin (n=7) were positive for mecA, erm(A), blaZ, blaI and blaR genes. Two isolates resistant to chloramphenicol either harboured (co2) or lacked (co6) cat, which codes for chloramphenicol acetyltransferase. The gentamycin/tobramycin resistance determinant aacA-aphD was present in one isolate (ho1), which was also phenotypically resistant to gentamycin. Intermediate resistance to clindamycin (n=8) and doxycycline (n=5) was not reflected in the microarray-based genetic profiles of the isolates tested, and all isolates were sensitive to cotrimoxazole. Most importantly, the microarray-assessed antibiotic resistance was a full reflection of the phenotypically verified susceptibility determined using antibiograms. The results of susceptibility testing and microarray-based genotyping are presented in Table S1 (available in the online Supplementary Material).
Multiple-locus VNTR fingerprinting (MLVF)
As summarized in Fig. 1 
RAPD typing
RAPD analysis produced 37 patterns of which eight were shared by 2-7 isolates (n=22, Fig. 1 and Table 1 ). Each of the remaining 29 isolates exhibited a unique banding pattern. Overall, 14 patterns and 28 isolates were classified into eight RAPD-CGs (clonal groups), while 23 patterns were regarded as sporadic (n=23). Among the RAPD-CGs identified, two were composed of strains from the same animal and geographic origin. RAPD-C4 (n=6) was represented by canine isolates from the south, while RAPD-C6 (n=3) was detected in poultry isolates from western Poland. All four isolates classified as RAPD-C3 were collected from dogs, with all originating in central or southern Poland. RAPD-C2 (n=7) clustered farm animal isolates (from cows and pigs) from central Poland. As for the remaining RAPD-CGs (C1, C5, C7 and C8), their isolates originated from different animal hosts and different regions of Poland.
Spa typing
Among the 51 isolates studied, 29 spa types were identified, including four new types: t14397, t14742, t14743 and t14744. Eleven types were shared by two or more isolates (n=33), and 18 types were represented by a single isolate. As presented in Fig. 2 and summarized in Table 1 , the spa types identified were distributed by the BURP algorithm into three spa-CCs (n=22) and 17 singletons (n=29). The two largest spa-CCs, spa-CC 084 and spa-CC 267/521, comprised four spa types (n=10) and 6 spa types (n=8), respectively.
spa-CC 084 was highly diversified with regards to host type and isolation origin. The four isolates classified as spa type t084 were from canine, leporine, porcine or simian hosts and were recovered from all three regions of Poland (central=1, southern=1 and western=2). The three remaining spa types (t085, t14397 and t279) were represented by single isolates collected from different animals and regions (t085 -porcine, central; t14397 -equine, western; t279 -canine, southern). Spa-CC 267/521 comprised only isolates from Fig. 1 . MLVF (a) and RAPD (b) dendrograms of the animal-associated S. aureus isolates generated by the UPGMA algorithm. Isolate clusters were delineated by an 85 % similarity cut-off value for MLVF and a 90 % similarity cut-off for RAPD typing. The geographical origins of the isolates tested are marked with grey highlights: central, medium grey; southern, dark grey; western, light grey. Reference strains and the ch18 isolate, which originated from Japan, are not highlighted. The animal host is indicated in the isolate designation: do, dog (canine); dn, donkey; co, cow (bovine); ca, cat (feline); ch, chicken; tu, turkey (poultry); chi, chimpanzee (simian); ho, horse (equine); pi, pig (porcine); ra, rabbit (leporine); ta, tapir.
central Poland but these were recovered from bovine or canine hosts. The majority of isolates (n=6) were collected from cows and represented five spa types (t267, t2770, t359, t521 and t527), while two canine isolates represented spa types t521 or t14744. The smallest of clusters, spa-CC 002 (t002, n=3; t3478 n=1), was represented by poultry isolates collected in western Poland. Among the singletons, the spa type t003 (n=6) was detected solely in dogs in southern Poland, whereas t529 (n=2) was detected in cows from central Poland. The isolates of spa type t127 (n=3) were collected in western Poland from horses and poultry. Spa type t015 consisted of canine and feline isolates from southern and western Poland, respectively. Similarly, in the case of t078, the two isolates were of different origin: bovine from central Poland and canine from western Poland.
DNA microarray hybridization
During StaphyType microarray genotyping, a total of 45 hybridization profiles were identified. Forty isolates had a unique composition of genetic markers, whereas the remaining 11 isolates shared five genetic profiles (Table 1 ). Among all isolates tested, 18 CCs/STs were found, as presented in Fig. 3 and summarized in Table S1 . The predominant ones were CC5 (n=11), CC15 (n=10) and CC97 (n=9). Ten CCs/STs were each represented by a single isolate. None of the CCs/STs detected was represented by isolates obtained from the same type of animal host. With regards to region of isolation, CC1 (n=3) and CC97 (n=9) were detected in isolates collected only in western and central Poland, respectively.
In the current study, out of 10 isolates exhibiting phenotypic resistance to cefoxitin, only do9 (southern Poland) was negative for mecA. The most prevalent element was SCCmec II, detected in six canine isolates (do2, do7, do10, do11, do12 and do13) of spa type t003, which were collected in southern Poland. The StaphyType software assigned these isolates to epidemic line ST5-MRSA-II/ Rhine-Hesse EMRSA. The two isolates ch24 and tu2 of spa t127, collected in western Poland, were carrying SCCmec type IV and were assigned to epidemic line CC1-MRSA-IV [PVL-], WA MRSA-1/57. SCCmec type V was detected in bovine isolate co2 (spa type t437, western Poland), which was affiliated with the strain known as ST59/ST952-MRSA-V/ 'Taiwan Clone'.
Discriminatory power and concordance between the methods used DNA microarray gene profiling was the most discriminatory method used in the current study, followed by RAPD and MLVF, as summarized in Table 2 . The least discriminatory methods were assigning isolates to spa-CC and microarray-CCs. However, in the case of DNA microarrays and the RAPD and MLVF methods, the differences were not Fig. 2 . Population structure of the animal-associated S. aureus isolates after BURP analysis with a cost factor of 3. Clusters of linked spa types correspond to spa clonal complexes (spa-CCs). The spa types that were defined as founders of a particular cluster are indicated in blue.
statistically significant. Only spa typing showed lower discriminatory abilities in comparison with the microarray technique as indicated by non-overlapping 95 % confidence interval values.
The concordance values between the typing methods are listed in Table 3 . Evaluation of the pattern/type/profile levels showed the highest concordance between results obtained by MLVF and spa typing (AR=0.638). The highest concordance between clusters/CCs was observed between spa typing and microarray genotyping (AR=0.852), although when the type/profile correlation of both techniques was analysed, the AR value was low (0.119). In the case of microarrays, the existence of single genetic marker differences determined assignment of isolates to different hybridization profiles, which did not affect clustering of closely related isolates to the same CC. Because microarray typing was the most discriminatory method used, its low correlation at the level of pattern/type with all other techniques was to be expected (0.097-0.141). The RAPD method had the lowest correlation with all other methods tested.
A comparison of spa, DNA microarray, RAPD and MLVF typing in regard to animal host type and geographic origin MLVF typing allowed for clustering consistent with animal host type and geographic origin. Moreover, a significant correlation between spa typing and MLVF typing was observed. The MLVF-indistinguishable isolates were of the Fig. 3 . A split network tree reconstructed from the hybridization results of 48 S. aureus isolates collected from animals and three reference strains, Newman, ATCC 25923 and ch18 (51 in total). Microarray analysis determined three major (CC5, CC15, CC97) and five minor (CC1, CC8, CC25, CC45, CC151) clusters. There were 10 sporadic CCs represented by single isolates including isolate pi5 with no CC/ST microarray-based affiliation. The geographical origins of the isolates tested are highlighted in grey as follows: central, medium grey; southern, dark grey; western, light grey. Reference strains and the ch18 isolate, which originated from Japan, are not highlighted. The animal host is indicated in the isolate designation as follows: do, dog (canine); dn, donkey; co, cow (bovine); ca, cat (feline); ch, chicken; tu, turkey (poultry); chi, chimpanzee (simian); ho, horse (equine); pi, pig (porcine); ra, rabbit (leporine); ta, tapir.
same spa type, and closely related representatives of the spa type studied were grouped in MLVF-CCs or as neighbouring sporadic isolates. The only exceptions were isolates assigned to spa type t078 (co4 and do14) or t084 (chi1, do1, pi4 and ra1), which were spread throughout the MLVF dendrogram.
In the current study, the StaphyType microarray was the most discriminatory method applied, with the majority of isolates characterized by unique hybridization profiles. Among the 11 isolates sharing microarray profiles, four pairs (AK, AC, AT and F) consisted of isolates collected from the same animal host and region. In the case of profile Y, the three isolates were from mixed hosts and different geographic regions. When compared to spa typing results, only isolates assigned to profiles AK or AT shared the same spa type. However, the overall correlation of both methods was high because any one spa type was not detected in two different CCs. The most numerous CCs (CC5, CC15 and CC97) were composed of strains of 3-7 different spa types, whereas each smaller CC (CC1, CC8, CC25, CC45 and CC151) included only one spa type. The correlation between MLVF and DNA microarrays was much lower than that observed for spa typing. In addition, in the majority of cases, the isolates tested were affiliated with CCs regardless of animal host-specificity or geographic origin.
The RAPD approach was the least reliable typing method used in the current study. Although RAPD and MLVF methods yielded the same number of patterns, the RAPD clustering did not reflect the most probable phylogenetic relationships among the animal isolates tested. In a few cases, isolates indistinguishable by RAPD were representatives of different spa types. Moreover, only the use of a 90 % cut-off value prevented the grouping of reference strains together with the veterinary isolates tested.
The closely related canine isolates do2, do7, do9, do10, do11, do12 and do13 were clustered together in CCs as determined by MLVF, spa typing or microarray analyses, whereas RAPD analysis assigned these isolates to different patterns/CGs. MLVF, RAPD and spa typing assigned three canine (do3, do4 and do6) and two poultry (ch21 and ch22) isolates to the same types and clustered them with 100 % similarity within the group. Despite the fact that the DNA microarray profiles of these isolates uncovered differences in their genetic markers, these isolates were assigned to common CCs (ch21 and ch22 to CC5; do3, do4 and do6 to CC15).
DISCUSSION
A variety of research techniques have been used in epidemiological investigations to examine the possible clonal, subclonal and ecological characteristics of staphylococcal infections. MLVF has been used in healthcare settings with the same discriminatory power as PFGE (Luczak-Kadlubowska et al., 2008) . The advantages of MLVF are as follows: (1) it exhibits high discriminatory power and excellent reproducibility; (2) the results produced by multiplex PCR are obtained faster than those in PFGE and sequencing analyses; and (3) the cost per isolate is much lower when compared with the equipment and typing procedures used for DNA sequencing or microarray hybridization (Karynski et al., 2008) . Out of all the methods used in this study, these properties make MLVF the most suitable for molecular studies on veterinary isolates. Both MLST and PFGE are the gold standard; however, MLST is a relatively expensive method owing to the required use of sequencing, 
and PFGE results cannot be compared between laboratories. These characteristics limit their broad use in veterinary practices. The low cost of the MLVF typing, estimated to be e 0.29 per sample, is particularly advantageous in the case of farm animals, such as poultry or cattle, which are highly susceptible to staphylococcal infections owing to their herd sizes and stocking densities. Currently, WGS is being increasingly used in various aspects of the study of staphylococcal epidemiology, drug-resistance and virulence (Aanensen et al., 2016; Ugolotti et al., 2016) . Although the cost of shotgun sequencing is decreasing rapidly, the application of this method requires very high initial investments in hardware and software, which is the limiting factor for the use of this technique in local veterinary diagnostic centres. Although WGS provides a tremendous amount of data and has the greatest discriminatory power, its interpretation requires experience and defined criteria to assess the genetic relationships between strains. Thus, the results could be inconclusive or strains could be classified as unrelated.
A comparison of typing methods was performed on a collection of isolates representing a wide range of animal hosts (bovine, canine, equine, feline, poultry and others), environments (household, farm or zoo) and regions of Poland (central, western and southern regions). In total, four typing methods were applied to determine the combination of methods most suitable for veterinary use. spa typing was considered a reference method owing to its good discriminatory power, unambiguous results using standardized nomenclature and acknowledged application in S. aureus molecular studies. When testing the MLVF and RAPD methods, the similarity cut-off values selected considered the limitations of the electrophoretic approach, reference strain patterns/clustering during each gel run and spa typing results. RAPD was the least reliable method tested, although its discriminatory power was comparable to the other typing methods. Moreover, in contrast to the other approaches tested, RAPD clustered together unrelated spa types, and the dendrogram obtained did not reflect the host, environment or geographic origin of the isolates.
For the majority of cases, the MLVF-defined clusters reflected the animal host-specificity or geographic origin of the isolates tested. Moreover, a high degree of concordance was observed between results obtained using MLVF and spa typing. However, the MLVF approach was more discriminatory. Isolates sharing the same spa type were in some cases differentiated by MLVF, but the isolates indistinguishable by MLVF always had the same spa type. Only for spa types t078 and t084 were isolates not clustered together in the MLVF dendrogram.
To our knowledge, MLVF and diagnostic microarrays have not yet been compared with one another in the same study. Despite the fact that the discriminatory power of MLVF was lower than that obtained for StaphyType microarray analysis, the MLVF-defined clusters more consistently reflected the correct host or geographic origin. As is also the case with MLVF, spa typing and microarray typing involve different molecular techniques, VNTR analysis and DNA hybridization, respectively, and discrepancies between the methods are possible. The MLVF clustering might reflect genetic differences undetectable by diagnostic microarrays or spa typing, but further tests, such as WGS, would be required to verify this hypothesis.
One great advantage of the StaphyType system is the possibility of automatic assignment of the isolates tested to epidemic lineages. The data obtained can therefore be compared with current epidemiological reports on the CC/ ST structure of S. aureus worldwide. In the current study, a closely related group of canine isolates sharing spa type t003 (do2, do7, do10, do11, do12 and do13) was identified as representative of epidemic line ST5-MRSA-II, also known as the Rhine-Hesse epidemic strain (Monecke et al., 2009) . Detection of this epidemic clone in Poland could suggest international transmission within the healthcare and/or veterinary system, since Rhine-Hesse isolates have been found in Germany and Austria since 1995 (Monecke et al., 2008; Schulte et al., 2013) . The Rhine-Hesse line is still rarely reported in veterinary studies. A cat isolate with matching molecular characteristics (SCCmec II, spa type t003, CC5) was reported two years ago in Austria (Loncaric et al., 2014) . Recently, screening for nasal carriers of S. aureus among Swiss veterinary staff identified two veterinarians, who worked with small animals, harbouring the ST225-spa type t003-SCCmec II strain (Wettstein Rosenkranz et al., 2014) . The current study and above-mentioned reports indicate that household or farm animals can be subjected to colonization, transmission or infection with healthcareassociated MRSA epidemic lineages. Therefore, the spread of epidemic strains observed can proceed not only across country borders but also, more importantly, between humans (owners, keepers and veterinarians) and accompanying animals. Another advantage of the StaphyType system is the prediction of antibiotic resistance. Although some strains may be falsely classified as antibiotic-susceptible, all of the strains in this study that were identified as resistant have the predicted phenotype.
Based on the results obtained, MLVF typing appears suitable as a primary method for veterinary study owing to its high discriminatory power, fast procedure time, low lost and good correlation with spa typing. In a single institution or facility where S. aureus infections are commonly of clonal nature, this analysis could be performed in two steps, the first being MLVF typing and the second being spa typing for representative isolates, thereby substantially reducing the cost of sequence analysis. The additional application of StaphyType microarrays to strains selected by MLVF could increase knowledge of the epidemic structure of animal-specific strains, whereas genotyping data on resistance or virulence markers could be useful during veterinary treatment. However, the usage of StaphyType microarrays would elevate the cost of experiments owing to expensive equipment and sample testing costs, which are comparable to PFGE typing . The same is true for WGS. Thus, StaphyType microarrays should be restricted to ambiguous assessments and/or atypical strains unless the availability of equipment and clear/automatic interpretative criteria becomes more commonplace.
In summary, MLVF can be successfully used to study animal-associated S. aureus isolates of lineages other than ST398. This method is rapid, inexpensive and easy to perform and interpret, with high discriminatory power and good correlation with spa typing. In the current study, the use of diagnostic microarrays unveiled transmission of typically human-associated lineages to animals from various regions of Poland. Therefore, MLVF complemented with spa typing and/or DNA microarrays in a hierarchical manner allows broad-spectrum analysis of animal-associated S. aureus with relevance to global strain distribution, gene transfer and host preference.
